We study the gravitational wave signal from eight new 3D core-collapse supernova simulations. We show that the signal is dominated by f -and g-mode oscillations of the protoneutron star and its frequency evolution encodes the contraction rate of the latter, which, in turn, is known to depend on the star's mass, on the equation of state, and on transport properties in warm nuclear matter. A lower-frequency component of the signal, associated with the standing accretion shock instability, is found in only one of our models. Finally, we show that the energy radiated in gravitational waves is proportional to the amount of turbulent energy accreted by the protoneutron star.
We study the gravitational wave signal from eight new 3D core-collapse supernova simulations. We show that the signal is dominated by f -and g-mode oscillations of the protoneutron star and its frequency evolution encodes the contraction rate of the latter, which, in turn, is known to depend on the star's mass, on the equation of state, and on transport properties in warm nuclear matter. A lower-frequency component of the signal, associated with the standing accretion shock instability, is found in only one of our models. Finally, we show that the energy radiated in gravitational waves is proportional to the amount of turbulent energy accreted by the protoneutron star. Introduction. Core-collapse supernovae (CCSN) have long been considered promising sources of gravitational waves (GWs) for ground-based detectors [1] [2] [3] [4] such as Advanced LIGO [5] , Advanced Virgo [6] , and KAGRA [7] . The combined observation of GWs, neutrinos, and photons [8] from the next Galactic CCSN could unveil the mechanism by which massive stars explode at the end of their lives, resolving a puzzle that has eluded the scientific community for more than 50 years [9] [10] [11] . Multi-messenger observations of the next galactic CCSN could also constrain the properties of matter at extreme densities and the interior structure of massive stars, and reveal the origin of many of the chemical elements.
The current understanding of the GW signal from CCSN is for the most part derived from the analysis of 2D (axisymmetric) simulations [2, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , or 3D simulations with simplified microphysics [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . However, a number of sophisticated neutrino-radiation-hydrodynamics simulations of CCSN have become available in the past several years [36, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Gravitational wave signals have been published for ten of these models [49] [50] [51] . However, even though these simulations exhibit some common qualitative features, it is difficult to extract general quantitative conclusions from the published data, because of the limited number of models and the variety of employed microphysical treatments and numerical setups. Moreover, most of the published waveforms are sampled at a sufficiently high rate to capture all of the relevant features of the signal, particularly after the first few hundred milliseconds after core bounce, and/or were obtained from simulations that treated the inner core of the protoneutron star (PNS) in 1D, possibly affecting the development of the inner PNS convection [52] [53] [54] [55] .
In this Letter, we report on the GW signal from eight, new, 3D, state-of-the-art neutrino-radiation hydrodynamics CCSN simulations performed with the Fornax code [56, 57] . We present well-sampled GW waveforms and study, for the first time, their generic properties using a homogeneous set of simulations covering a wide range of zero age main sequence (ZAMS) masses and post-bounce dynamics. We show that GW observations could constrain the structure of the PNS and the magnitude of the turbulent energy fluxes impinging on it.
Methods. We consider seven stellar evolution progenitors from [58] with ZAMS masses of 9M , 10M , 11M , 12M , 13M , 19M , and 60M . We also consider the 25M progenitor from [59] . We evolve the progenitors in 1D until 10 ms after bounce, since large-scale deviations from spherical symmetry are not expected for nonrotating progenitors during the collapse phase. Afterwards, we remap fluid and neutrino-radiation quantities to 3D, and we add small, dynamically unimportant, velocity perturbations to break the spherical symmetry. In particular, we perturb the velocity in the region 200 km ≤ r ≤ 1,000 km using the prescription introduced by Ref. [60] with a maximum amplitude perturbation of 100 km s −1 .
The evolution is continued on a grid of 678 × 128 × 256 zones in (r, θ, φ) extending up to 20,000 km. The radial grid is linearly spaced in the inner ∼20 km, and logarithmic outside. Our grid is derefined in angle as needed to keep the aspect ratio of the cells roughly constant when approaching the grid center or the axis [57] . This allows us to evolve the collapsing core of the star in 3D all the way to the center. Stellar and nuclear matter is treated using the SFHo equation of state (EOS) [61] . We assume nuclear statistical equilibrium to hold everywhere in our computational domain. Neutrino radiation is treated using a multi-dimensional moment method with analytical closure. We employ twelve logarithmically spaced energy bins for ν e andν e , while heavy-lepton neutrinos are lumped together into a single effective species "ν µ ." Our neutrino treatment accounts for gravitational redshift, Doppler effects, and inelastic scattering [47, 62] .
Gravity is treated in the monopole approximation using an effective general-relativistic potential [63] . GWs are estimated using the quadrupole approximation [2] , and evaluated at every timestep ∼10 −6 s. For the analysis, we downsample to 16,384 Hz, the data readout frequency of Advanced LIGO [5] . 
FIG. 2. Integrated GW luminosity as a function of time.
The radiated GW energy is still growing at the end of our simulations, with the exception of the 9M progenitor which saturates at t − t bounce 0.3 s. We find that up to several times ×10 −9 M c 2 of energy are radiated in GWs in the first half second after bounce.
Results. Runaway shock expansion occurs for all but one of our progenitors (see Fig 1) . The explosions proceed in accordance with the general expectations from the delayed neutrino mechanism [64, 65] . Even after shock runaway, asymmetric accretion onto the PNS persists for most of our progenitors to late times. The only exception is the 9M progenitor, for which the shock runaway is followed by the emergence of an almost isotropic neutrinodriven wind. A more detailed account of our simulations will be presented elsewhere. Here, we focus only on the GW signal from these models.
As in previous studies, we find that the GW signal starts with a burst shortly after bounce. This is due to prompt convective overturn developing in conjunc- tion with neutrino shock breakout [16, 18, 21, 30, 66] . The initial GW burst is followed by a ∼100 ms phase of quiescence that ends when neutrino-driven convection [67] [68] [69] [70] [71] , or the standing accretion shock instability (SASI; [72] [73] [74] [75] [76] ) become fully developed. Subsequently, the GW emission is sustained by non-spherical, intermittent accretion streams hitting the PNS and exciting its quadrupolar oscillation modes [16, 18, 23, [77] [78] [79] . The energy radiated in GWs is shown in Fig. 2 . Our most optimistic models emit up to several times 10 −9 M c 2 in the first half second after bounce, in good agreement with the model considered by Ref. [50] . The corresponding optimal, single detector signal-to-noise ratios (SNRs) for Adv. LIGO at 10 kpc range from ∼1.5 for the 9M progenitor, for which the signal shuts down at t − t bounce 0.3 s, to ∼11.5 for the 19M progenitor, which remains a loud GW emitter for the entire duration of our simulation. For the proposed Einstein Telescope (ET) in the "D" configuration [80, 81] , which we take as a representative 3rd-generation detector, the corresponding SNRs are ∼20 and ∼110. These values are similar to those reported by Refs. [49, 51] for their models. They imply that, even though there are good prospects for the detection of nearby CCSNe with current generation GW observatories, 3rd-generation detector sensitivities are required for confident, high-SNR detection of all CCSN events in the Milky Way.
All the GW waveforms from our models are characterized by the presence of a narrow track in the timefrequency plane with steadily increasing frequency. We show a representative example of this feature in Fig. 3 . Using the astro-seismological approach we developed in 10 FIG. 4. Energy radiated in GWs versus time-integrated power of the turbulent flow impinging upon the PNS. Note that, for most of our models, these values are still growing at the end of our simulations (see Fig. 2 ). EGW and E turb are strongly correlated suggesting that GW observations could constrain the strength of the turbulence behind the shock.
[23], we identify this feature with a low-order, quadrupolar surface g-mode of the PNS. This mode evolves as the PNS contracts, increasing in frequency, and assuming the character of a quadrupolar f -mode when t − t bounce 0.4 s. We observed an identical trend in our previous 2D study [23] . This is not unexpected, since PNS masses and radii found in our 3D simulations are in excellent agreement with those found in the corresponding 2D simulations.
A lower frequency feature of the GW signal associated with the SASI, is present only for the 25M progenitor. The 13M progenitor also shows SASI activity at late times, but this is not accompanied by a strong GW signal. This might be due to the fact that the accretion rate for the 13M model is smaller than that of the 25M model, which implies that a smaller amount of material is involved in the SASI motion for the former. The time interval over which the SASI is active for the 25M progenitor, as well as the associated characteristic frequency, are highlighted in Fig. 3 . Refs. [33, 35] reported that that rotation and/or SASI activity could leave an imprint in the circular polarization of the GW signal. However, we do not find evidence for this effect in our simulations. This is possibly because SASI is not as vigorous in our models as it is in theirs. The SASI signal disappears once runaway shock expansion develops, in agreement with previous findings [49, 51] . Apart from the disappearance of the SASI signature for the 25M progenitor and the vanishing of the GW emission from the 9M model, we do not find obvious signatures of explosion, or lack thereof, in the GW signals.
It has been speculated that PNS convection is the main agent perturbing the PNS and driving the emission of GWs [49] . However, our 9M progenitor seems to rule out this hypothesis: the PNS convection for this model is vigorous throughout the evolution, but the GW luminosity decays substantially after t − t bounce 0.3 s (see Fig. 2 ). Instead, the drop in the GW luminosity for this model is coincident with the emergence of a quasispherical wind from the PNS and the termination of accretion. This suggests instead that it is the chaotic accretion onto the PNS that is driving the GW emission.
To test this hypothesis we compute time-integrated turbulent energy fluxes (kinetic plus thermal) impinging on the PNS using to the formalism derived in Ref. [70] . We then compare the total amount of turbulent energy accreted by the PNS, E turb , to the total amount of energy irradiated in GWs, E GW . The results are given in Fig. 4 . We find a clear correlation between E GW and E turb . This is evidence for accretion being the main driver of the GW emission. Specifically, our results suggest that GWs are produced by the non-resonant excitation of pulsational modes of the PNS by chaotic accretion.
Discussion. We have analyzed the GW signals from a large set of 3D Fornax CCSN simulations. Our calculations employed state-of-the-art treatments for neutrino transport and neutrino-matter interactions. The most robust feature is an excess in the time-frequency diagram of the GW strain following a characteristic track. The corresponding peak frequency is associated with quadrupolar oscillation modes of the PNS, so its measurement would allow us to constrain the structure of the PNS. This in turn would have consequences for the EOS and for the transport properties of warm nuclear matter. A signature of the SASI is found only in one progenitor. If present and detected, this signature could potentially be extremely valuable because it might be used to infer the time at which the supernova shock is revived [49, 51] . In combination with the knowledge of the time of neutrino shock breakout [82] , this would produce a strong constraint on the explosion mechanism. Finally, we have shown, for the first time, that a measurement of the overall amplitude of the GW signal would constrain the strength of turbulence induced by neutrino-driven convection or SASI behind the shock. This would allow us to probe directly the engine of CCSNe.
Future work should develop the data analysis techniques necessary to extract the features we have identified in the waveforms, as well as systematic strategies to jointly analyze GW and neutrino signals. We also plan to extend this work with the study of progenitors with moderate rotation and with relic perturbations from advanced nuclear burning stages [43, 83] , and to explore the GW signal over longer timescales.
